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Introduction
Phosphatidylglycerol (PG) is a naturally occurring phospholipid (PL) with glycerol as a negatively charged polar head group. PG is found in bacteria as a major PL; in plants and mammals, PG is also detected as a minor PL with a varied fatty acid composition [1] . Furthermore, in several species of microalgae, n-3 polyunsaturated fatty acid (PUFA) binding PG (n-3 PUFA-PG) was contained, and was even found to be a major lipid component [2, 3] .
n-3 PUFAs are well known to have health benefits [4] . We usually intake n-3 PUFAs through the consumption of fish or fish oil to maintain adequate amounts of n-3 PUFAs in the body. Interestingly, the chemical forms of the lipids binding n-3 PUFAs have been suggested to affect the health benefit and bioavailability of n-3 PUFAs. Shirouchi et al. [5] described the superiority of n-3 PUFA-PC in prevention or alleviation obesity-related disorders through the suppression of fatty acid synthesis, enhancement of fatty acid beta-oxidation compared egg PC in Otsuka Long-Evans Tokushima fatty rats. Numerous studies have evaluated the bioavailability of several lipid forms, such as triacylglycerol day. There were three experimental groups: The SoyPC group (5% soybean oil + 2% SoyPC), the n-3 PUFA-PG group (5% soybean oil + 2% n-3 PUFA-PG), and the n-3 PUFA-TAG (5.6568% soybean oil + 1.3432% fish oil). The SoyPC group and n-3 PUFA-PG group included diets with approximately the same calories for diabetic/obese KK-A y mice because the 2% soybean oil was substituted to PL, such as the SoyPC or n-3 PUFA-PG. The EPA and DHA in n-3 PUFA-PG and n-3 PUFA-TAG diets were adjusted to the approximately same amount to compare their bioavailabilities, as shown in Table 1 . n-3 PUFA-TAG was prepared by mixing the EPA-28-TAG (Maruha Nichiro Corporation, Tokyo, Japan) and DHA-55-TAG (Maruha Nichiro Corporation, Tokyo, Japan) to adjust EPA and DHA contents to be the same as the n-3 PUFA-PG. The animal experiment was approved by the ethical committee at Hokkaido University, as well as all procedures for the use and care of animals. This research was carried out under the guidelines of the ethical committee of experimental animal care at Hokkaido University. SoyPC, soybean phosphatidylcholine; n-3 PUFA-PG, n-3 polyunsaturated fatty acid enriched phosphatidylglycerol; n-3 PUFA-TAG, n-3 polyunsaturated fatty acid enriched triacylglycerol; ND, not detected.
Sample Collection
Blood samples were collected from the tail vein of the mice after 6 h-fasting at 7, 14, 21, and 28 days during experimental feeding. Blood glucose was measured using a blood glucose monitor, a Glutest Neo Sensor (Sanwa Kagaku Kenkyusyo Co. Ltd., Aichi, Japan). After feeding with experimental diets for 30 days, the mice were sacrificed under ether anesthesia. Blood samples were collected from the caudal vena cava of the mice, and each sample of tissue was immediately excised, weighed, and stored at −30 • C. The serum lipid parameters of the KK-A y were analyzed by the Analytical Center of Hakodate Medical Association Japan.
Tissue Lipid Analysis
Total lipids (TLs) were extracted from the tissue by the Folch method [14] . Further, the TL from the liver (approx. 400 mg) were successively separated into neutral lipids (NLs) and PLs on a Sep-Pak ® silica cartridge (Waters, Dublin, Ireland) by elution with chloroform and methanol. The recovered lipids were checked by TLC (silica gel F254, Merck KGaA, Darmstadt, Germany), and developed in chloroform/methanol/H 2 O (65:25:4, v/v/v) solvent and sprayed with Dittmer reagent [15] to indicate PLs. Lipid content in the tissues was gravimetrically analyzed and was calculated as its per tissue weight. Cholesterol content in the TL was enzymatically measured using a commercial kit (Wako Chemical Industries, Ltd., Osaka, Japan). The fatty acid methyl esters (FAMEs) were prepared from the TL (approximately 10 mg) using a previous described method [16] . The FAMEs were injected into the gas chromatograph Shimazu GC-2014 gas chromatography system (Shimazu Corporation, Kyoto, Japan) equipped with a flame ionization detector with a fused silica capillary column, Omegawax 320 (0.32 mm × 30 m, Supelco, Bellefonte, PA, USA). The temperatures of the column, detector and injection port were set at 200, 260, and 250 • C, respectively. The amount of each fatty acid was calculated by using the internal standard (methyl tricosanoate, 23:0).
Statistical Analysis
Data are presented as the mean ± SE (n = 7 or 8). The difference between each diet group was analyzed by a one-way ANOVA with Turkey's post hoc test using the SPSS V16.0 software (IBM Corp., New York, NY, USA). Differences were considered as significant at p < 0.05.
Results

Body and Tissue Weights, Food Intake and Water Intake
KK-A y mice were fed the experimental diets, with fatty acid compositions as shown in Table 1 . The body weight gain and diet intake of the KK-A y mice were not different among the three groups after 30 days of feeding with experimental diets. No significant changes were found in the tissue weights between the three groups: SoyPC, n-3 PUFA-PG, and n-3 PUFA-TAG (Table 2 ). 
Blood and Serum Parameters
The total cholesterol and non-HDL-cholesterol of KK-A y mice fed n-3 PUFA-PG were significantly lower than those of the mice fed SoyPC ( Table 3 ). The n-3 PUFA-TAG supplementation also decreased total cholesterol and non-HDL cholesterol levels. Moreover, n-3 PUFA-PG did not significantly decrease HDL-cholesterol, while the HDL-cholesterol in the n-3 PUFA-TAG supplemented group decreased notably ( Table 3 ). The blood glucose of the n-3 PUFA-PG-fed mice tended to be lower, but not significantly different, than that of the SoyPC-fed mice. AST and ALT were also no different among the three groups.
Fatty Acid Composition of Total Lipids from the Small Intestine
The EPA and DHA increased in the small intestine of mice fed with n-3 PUFA-PG or n-3 PUFA-TAG (Table 4 ). Neither the sum or individual saturated fatty acid (SFA) and monounsaturated fatty acid (MUFA) differed between the n-3 PUFA supplemented groups and the SoyPC group. The amount of EPA, n-3 docosapentaenoic acid (DPAn-3), and DHA in the small intestine were the at same levels in the n-3 PUFA-PG and n-3 PUFA-TAG groups. ARA content in the small intestine of the mice fed n-3 PUFA diets was significantly lower than that among the SoyPC-fed mice. The ratio of n-6/n-3 PUFAs was also significantly lower in the n-3 PUFA-PG and n-3 PUFA-TAG groups compared to the ratio of the SoyPC group. The EPA and DHA were incorporated into the small intestine largely via the replacement of ARA in the small intestine of mice fed n-3 PUFAs. 
Lipid, Cholesterol and Fatty Acids in the Liver
The n-3 PUFA-PG group significantly alleviated the lipid accumulation in the liver compared to the SoyPC group ( Table 5 ). The decrease in TL in the liver by n-3 PUFA-PG was dependent on NL reduction, but not PL content. A reduction by n-3 PUFA-PG feeding was significantly found for TL and NL (Table 5 ) in the liver of KK-A y mice. The n-3 PUFA-TAG did not significantly reduce hepatic TL and NL and significantly increased PL compared to SoyPC, though no significant difference in the TL, NL, and PL was found between the n-3 PUFA-PG and n-3 PUFA-TAG groups. On the other hand, there was no significance in the liver's cholesterol contents among the three groups. Values are represented as the mean ± SE (n = 7 or 8). The comparison was done by a one-way ANOVA with Turkey's post hoc analysis. Different small letters across a row indicate significant differences at p < 0.05. PUFA, polyunsaturated fatty acid; TL, total lipid; NL, neutral lipid; PL, phospholipid.
We next analyzed the fatty acid composition of hepatic lipids. Compared to the SoyPC group, the amount of EPA, DPAn-3, and DHA in hepatic TL, NL, and PL increased ( Tables 6-8 ). However, their increase levels were not different between the n-3 PUFA-PG and n-3 PUFA-TAG groups. ARA was significantly less in the two n-3 PUFA administrated groups than that of the SoyPC group. The ratio of n-6/n-3 PUFAs in hepatic TL and NL also markedly decreased in both n-3 PUFA diets compared to the SoyPC diet (Tables 6 and 7 ). In addition, both n-3 PUFA supplemented diets decreased 18:1n-9 levels in the liver. The decrease of 18:1n-9 by n-3 PUFA-PG was especially remarkable in the TL and NL in the liver. DHA is a major PUFA similar to linoleic acid (18:2n-6) in the hepatic PL of mice fed n-3 PUFA-PG or n-3 PUFA-TAG (Table 8 ). EPA and DHA from the n-3 PUFA-PG diet were predominately accreted into the PL in the liver. Values are represented as the mean ± SE (n = 7 or 8). The comparison was done by a one-way ANOVA with Turkey's post hoc analysis. Different small letters show significant differences at p < 0.05. SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid.
Fatty Acid Composition of Brain and Perirenal WAT Lipids
The n-3 PUFA-PG diet significantly increased DHA levels, while the n-3 PUFA-TAG diet tended to increase DHA in the brain (Table 9 ). DPAn-3 was also increased and ARA was decreased more strongly by the n-3 PUFA-PG diet than the SoyPC diet. EPA accretion in the brain was very low in both n-3 PUFA diets. The levels of increase in the DHA and DPAn-3, and the decrease in ARA by the n-3 PUFA-PG diet were the almost same as those in the n-3 PUFA-TAG diet. In the perirenal WAT, EPA, DPAn-3, and DHA levels were augmented by n-3 PUFA-PG or the n-3 PUFA-TAG (Table 10 ). However, the n-3 PUFAs content per tissue weight was comparatively lower in the perirenal WAT than in the liver and brain of the n-3 PUFA-fed mice. The amount of EPA and DHA did not vary between the n-3 PUFA-PG and the n-3 PUFA-TAG groups. Data are the mean ± SE (n = 7 or 8). The comparison was done by a one-way ANOVA with Turkey's post hoc analysis. Different small letters indicate significant differences at p < 0.05. SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; ND, not detected. Table 10 . Total lipid content and fatty acid composition of the perirenal WAT in KK-A y mice fed experimental diets.
Fatty Acid (mg/g Perirenal WAT)
SoyPC n-3 PUFA-PG n-3 PUFA-TAG Data are the mean ± SE (n = 7 or 8). The comparison was done by a one-way ANOVA with Turkey's post hoc analysis. Different small letters indicate significant differences at p < 0.05. SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; ND, not detected.
Discussion
The chemical structure of lipids has been reported to influence n-3 PUFA bioavailability [1] . It is well-documented that the n-3 PUFA-TAG is hydrolyzed into free fatty acids and sn-2-MAG by pancreatic lipase in the intestinal lumen [17] . After absorption of these hydrolysates, PL or TAG is re-synthesized in the small intestine epithelium and migrates into the lymph. On the other hand, PC is hydrolyzed into 1-acyl-lyso-PC and free fatty acids by pancreatic phospholipase A 2 in the intestine [18] . A higher bioavailability of EPA and DHA from dietary n-3 PUFA-PL compared to n-3 PUFA-TAG has been reported using krill oil (EPA and DHA are mainly bound to PL) [8] . The previous research demonstrated, with high levels of confidence, that krill oil is effective for the management of hyperlipidemia at lower and equal doses and is significantly more effective than fish oil for the reduction of glucose, triglycerides, and LDL levels [19] . Another study indicates that krill oil is more effective than fish oil in increasing n-3 PUFA, thus reducing the n-6/n-3 PUFA ratio [20] . Krill oil with higher PL levels enhanced the bioavailability of n-3 PUFA compared to krill oil with lower PL levels [21] . Thus, the bioavailability of n-3 PUFAs has a close relationship with their esterified lipid forms.
In marine fish roe, n-3 PUFAs are mainly bound at the sn-2 position of PL [22] . Previously, we reported n-3 PUFA-PG preparation from salmon roe PL through PLD-mediated transphosphatidylation, and n-3 PUFAs binding to PG were predominately distributed at the sn-2 position of the glycerol backbone. PG is an essential biological component with important roles, such as cellular functions, in all eukaryotes and some prokaryotes [23] . In mammals, PG is a minor PL component of many intracellular membranes [24] . In keratinocytes, PG species containing PUFAs were effective at inhibiting rapidly proliferating keratinocytes, whereas PG species with MUFAs were effective at promoting proliferation in slowly dividing ones [25] . However, the health benefits of dietary n-3 PUFA-PG remain largely unknown. In addition, there is no information about the bioavailability of n-3 PUFAs from n-3 PUFA-PG after its digestion and absorption in body. For the utilization of n-3 PUFA-PG in functional foods and nutraceuticals, information regarding the health benefits and bioavailability of n-3 PUFAs released from n-3 PUFA-PG is important. Since obesity is recognized as worldwide problem because of risk factor for diabetes, hypertension and dyslipidemia to develop metabolic syndrome, we therefore examined the effect of n-3 PUFA-PG on WAT weight and blood glucose level, as well as the serum and liver lipid levels of type 2 diabetic/obesity model KK-A y mice to explore its preventive and alleviative activities. Further, the tissue accumulation of n-3 PUFAs was also analyzed for the first time in KK-A y mice by the supplementation of the n-3 PUFA-PG diet compared with an n-3 PUFA-TAG diet.
In this study, 2% n-3 PUFA-PG or n-PUFA-TAG with approximately equal amounts of EPA and DHA in the diets did not affect the body and WAT weight gain or the blood glucose level of obese/diabetic KK-A y mice compared to SoyPC after longitudinal (over 30 days) experimental feeding. To examine the anti-obesity effect of n-3 PUFA-PG, long-term feeding or more n-3 PUFA-PG in the diet might be required. On the other hand, 2% n-3 PUFA-PG in the diet significantly decreased the serum total cholesterol and non-HDL cholesterol as much as the n-3 PUFA-TAG. It is noteworthy that the n-3 PUFA-PG better alleviated lipid accumulation in the liver than SoyPC. The n-3 PUFA-TAG did not significantly reduce hepatic TL and NL compared to SoyPC, although no significant difference was found in the TL, NL, and PL between the n-3 PUFA-PG and n-3 PUFA-TAG groups. These data indicate that n-3 PUFA-PG exhibits serum cholesterol and hepatic lipid reduction in diabetic/obese KK-A y mice. The decreasing effect by n-3 PUFA-PG is suggested to have an identical or superior effect to the n-3 PUFA-TAG, and could be used as n-3 PUFAs source to improve the diabetic/obese associated lipid metabolism. To clarify the preventive effect of n-3 PUFA-PG on metabolic syndrome-related parameters, it is required for further investigation by using diet-induce obesity and diabetic mice and normal mice.
We further analyzed n-3 PUFA accumulation in several tissues of KK-A y mice fed an n-3-PUFA-PG diet. In the small intestine, liver and perirenal WAT, dietary n-3 PUFA-PG significantly elevated EPA, DPAn-3, and DHA, and reduced ARA at the same level as the n-3 PUFA-TAG diet. The n-3 PUFA-PG is a highly applicable lipid because of its excellent emulsifiability. In addition, several algal lipids, which have gained wide interest in various application in nutraceuticals, also contained n-3 PUFA-PG [26] . Therefore, the present study shows important results that n-3 PUFA-PG is an available dietary lipid source to supply n-3 PUFAs in the body.
DHA is one of the most abundant fatty acids in the brain to regulate important physiological functions [27] . The synthesis rate of DHA from ALA and EPA is very slow in an animal's body. Therefore, the uptake of dietary DHA is necessary to maintain the essential levels [28] . Tracer studies indicate that phospholipid DHA targets the brain more effectively than DHA-TAG, although how this translates into higher brain DHA concentrations is not clearly understood [29] . Another study found that DHA esterified to PC, PE, or phosphatidylserine was more efficient at targeting the brain than DHA esterified to TAG in cortex and serum lipids [30] . In the present study, n-3 PUFA-PG increased DHA in the brain of diabetic/obese KK-A y mice. Interestingly, DHA accreted in the brain by n-3 PUFA-PG, but not by n-3 PUFA-TAG, was significantly higher than that of SoyPC. However, there was no significant difference between the n-3 PUFA-PG and n-3 PUFA-TAG groups, and the DHA content in the n-3 PUFA-PG diet was slightly higher than that in the n-3 PUFA-TAG diet. To clarify the n-3 PUFA-PG property needed to transport DHA in the brain, further investigation following a long feeding period and higher dose feeding is required.
Conclusions
Dietary n-3 PUFA-PG decreased the serum total cholesterol and non-HDL cholesterol of diabetic/obese KK-A y mice. In addition, n-3 PUFA-PG effectively alleviated lipid accumulation in the liver through the reduction of NL but not PL. In mice fed n-3 PUFA-PG, EPA, DPAn-3, and DHA were elevated, and ARA was reduced, in the small intestine, liver, perirenal WAT, and brain, and the ratio of n-6 PUFAs to n-3 PUFAs in the tissues was lower compared with the SoyPC fed mice. The present data indicate that n-3 PUFA-PG is a functional bioavailable lipid source for n-3 PUFAs and is at least the same or better than the n-3 PUFA-TAG.
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